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MULTI-ORDER CALIBRATION
Eugenio Sanchez and Bruce R. Kowalski
Laboratory for Chemometrics, Department of Chemistry BG-10

University of Washington
Seartle, Washington 98195, U.S.A.

Instruments that generate two-dimensional arrays of data are now commonplace in the
analytical laboratory. Time decay and emission-excitation fluorescence, chromatography-
spectroscopy combinations, MS-MS and 2D-NMR, are a few of the many so-called
“hyphenated methods” that generate such data.! These instruments have become very
important for the analyst mainly because of their higher selectivity and resolution of
signals, allowing for analysis of mixtures. The main similarity between all these
instruments is that each sample analyzed produces a two-dimensional array of data (seccond
order tensor). The amount of information produced by a second order instrument is
overwhelming; for quantitative analysis usually only a small portion of the data is actually
used and the rest discarded.

The situation is even worse if several samples have to be compared, because the
accumulated data can be represented by a three-dimensional array (third order tensor). It is
obvious that with the standard statistical tools (e.g., univariate linear regression) the
chemist is seriously under-prepared to analyze these data. Even multivariate statistical
techniques are hard pressed to analyze higher order data, and even in the best case, they
cannot fully extract all the information available.

This paper summarizes a multi-order, tensorial approach to calibration, that takes
full advantage of all the information from instruments that produce data arrays of any order,
for prediction of unknown properties such as analyte concentrations. The types of
instruments are classified here according to the kind of array of data produced per sample:

some instruments generate a single number (signal) per analysis or sample. Others

generate two or more signals (first order instruments), i.e., a vector of signals. Yet,

other instruments generate a matrix of data per sample, or a 3-dimensional array (second
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and third-order instruments). This distinction will be called the order of the insménem, in
analogy with the order of a tensor.

The order of the instrument has special importance beyond the simple fact of the form
of the data. There are possibilities of analysis with some higher order instruments which
are not available for lower order instruments. The simplest example is provided by the
difference between a single sensor instrument (zero order) and an array of sensors (first
order): first order permits quantitation of multicomponent mixtures and detection of outlier

unknowns, which are not possible with zero order data.

Zero Order Instruments: Univariate Calibration.

Zero order calibration is by far the most common kind of instruments in analytical
chemistry. Simple sensors or detectors are included in this category. Fig. 1a shows a
typical linear calibration experiment. Several samples of known concentration are used to
build a model, and then the model is used to predict the concentration, ¢, of an unknown
from its response r. Fig. 1b illustrates the same model applied to a sample that has an
interferent. Clearly, not only the estimation of the actual concentration of the analyte is
impossible, but it is also impossible to detect the interferent. The importance of this simple
fact cannot be over-emphasized; much of an analytical chemist's time is spent ensuring that
the sample is pure, without interferences, or finding a measurement technique that only

responds to the analyte of interest (fully selective).

First Order Instruments: Multivariate Calibration.

A multichannel spectrometer or an array of sensors constitutes a first order instrument.
The numerical values of the responses of a sensor array with p sensors can be arranged as
the components, r;, of a vector r. Therefore, this sensor array response “‘spectrum’ can

be considered a vector in a multidimensional vectorial space, where the base vectors of the
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space are the unitary responses for each sensor, and the components are the actual

numbers that the sensor array has provided.

The problem of linear multivariate caliBration consists on finding a linear combination
of the instrument responses optimal for prediction of the analyte concentration in the
sample. To estimate this optimal weighting of the responses, the p responses, r;, from a
set of samples of known concentration are recorded and used for the prediction of analyte
concentrations, é‘u, for future, unknown samples,

A 14 *
Cu = X Tixi 1)
i=1

It can shown that the opiimal set of weights for prediction are a vector x* which must
be perpendicular to the spectra of all other analytes and interferences present in the
unknown sample. In other words, it is the contravariant component of the analyte
spectrum,? or net anaiyte signal vector.3 A general solution to the problem of finding x*
given a calibration set of response vector - concentration pairs {r;, ¢; }, ordered into a

matrix R and a vector ¢, is

2 - R e )

where IAIT is an estimated pseudoinverse of R. Many different methods have been
developed to estimate the optimal pseudoinverse for prediction, among them principal
components regression4 (PCR) and partial least squares> (PLS) calibrations have been
extensively studied in the recent chemometrics literature.
Fig. 2 illustrates an example of multivariate calibration. Two kinds of interferences are

possible with a first order instrument:

(1) Fig. 2a. Interferences present both in the calibration set and in the unknown sample:

component B was present in the calibration samples, even though its concentration was

unknown. Multivariate calibration can still accurately predict the concentration of

component A in the presence of B.
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(2) Fig. 2b. Interferences or background constituents present only in the unknown :'*
sample: component C was not present in the calibration samples, therefore, no good .
estimate of the concentration of component A is possible. But it is possible to detect this ;
sample as an outlier to our model, because C is not in the space spanned by A and B. ' .!i
]
Second Order Instruments: Second Order Calibration. -~
Instruments that generate two-dimensional arrays of data (second order instruments) are :CZ
now commonplace in the analytical laboratory. In chemistry, the normal way to handle !
this kind of data has been to choose from the array a single element which is unique for the ‘
analyte of interest, discarding or perhaps not collecting the rest of the data. For example,
in MS-MS, is often possible to find daughter ions which are completely unique for one -’v
analyte of a mixture. For an emission-excitation matrix (EEM), it is sometimes possible to \“’
find a combination of excitation and emission wavelengths for which only the analyte of ;"
interest has a significant signal. This is a valid approach when the analyst knows that the ': '
v
signal being used is unique, just like in univariate calibration, however it does not take ‘ Y
advantage of all the information available. ::
It is also possible to unfold the data into a vector as it has been suggested by Wold and g
coworkers,5 and then use multivariate techniques such as PLS for calibration and data -,,.l
analysis. Unfortunately, when breaking a second order array of data into a first order ;"

array, €.g., by separating the columns of the matrix into a long column vector, the

xyw

relationship of the rows is lost in the process. For some kinds of data, this may not cause :“:
-“_
problems because that relation may be unimportant, but for bilinear data arrays, such as f.‘_'
o
LC/UV or EEM, unfolding produces a drastic lost of information. b
: P
. . . W
Assuming a linear model, the response of a second order instrument to a '
o
. . . . i
multicomponent sample M should be approximately equal to a linear combination of the .,,.
-
responses of all the individual analytes present in the sample, N;, plus error, E: .
l:::l
)
¢
‘b ?\
(]
.
-
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M = ZC,-N,- + E (3) ol
i=l ]
N
where the matrices N; have been scaled such that the coefficients c; are the corresponding 't“\;
concentrations. If the matrices N; and M have rank approximately equal to / and ¢ ‘Q-r
oyl
respectively (Bilinear data), and the data matrix N for a particular analyte is known, itis
possible to show that ¢, can be estimated in equation 3 for an unknown M, by using?:8 ,‘:
PN
Ve = Z Z N (M1); “4) :‘j-.
i=1 jsl b
where (M1 );j is the element of a pseudoinverse of M, corresponding to the i row and the o
e
rss
j*h column of MT, and the subscript k has been dropped from N;; for simplicity. Equation !’%
=
4 implies that a single calibration sample with the analyte of interest is sufficient for :'
®
estimating the concentration of the analyte in an unknown sample.? ]
If a multicomponent calibration sample is used, with some analytes at known \
concentration, e.g., N, itis possible to determine the concentration of all those analytes N
»
in an unknown sample, together with their individual spectra. Fig. 3 illustrates this with :.\,
vy
an example: The bilinear LC/UV data from (1) a two-component calibration sample, and . :
.:,\
(2) a test (“unknown”) sample with 3 constituents, are collected. Applying second order s
L 4
bilinear calibration methods,!0 (i) the UV spectra, (ii) the chromatographic concentration N
]
hY
profiles, and (iii) the ratios of concentration (calibration/unknown) are obtained. This is _::
]
S
possible using the non-symmetrical eigenvalue-eigenvector equation!? )
®
NMHX = x2 (5) o
"
o8
. . . . ls
where M is the pseudoinverse of the unknown sample data matrix, X are the eigenvectors gE'
(pure spectia in one of the orders) and A is a diagonal matrix of eigenvalues, which are the o,
@
ratio of concentrations, between the calibration sample and the unknown sample, of the '}v
Y
analytes in common. More complete details are given elsewhere.%10:11 j:
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It is also possible to use several calibration samples instead of one, and in many cases o .f
desirable, i.e., for covering a wider dynamic range, reduce the effect of collinearities or x.,_f_ d
. . v
increase the precision of the predicted concentrations.3 £ '
Conclusion. >
Many aspects of calibration have been omitted from this discussion to focus in the order .f
of the instrument. Among them, non-linear responses, outlier detection, precision and i u.'c
accuracy, sampling, sample selection, variable selection, experimental design, and time .‘
W
dependence of the responses. These factors are well studied only for the case of zero order '
[
— . . . . . o]
calibration. The multivariate regression literature provides a good starting point for first (-':;
order calibration, but few papers have been published that address these issues for :?i ,
e
calibration!2. For second and higher order calibration, no work has been done, with very A
i’ L]
A |
few exceptions.!3 These issues represent an important challenge for the chemometrician, N ‘
NS
and we expect impuiaat developmenis in thesc arcas in the near future. ,,',_,
A
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